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 1 Introduction Two-dimensional graphene layers are 
the subject of considerable research at present, due to their 
unusual band structure and the potential for future elec-
tronic-device applications [1-3]. In particular, graphene 
grown epitaxially on SiC substrates and patterned via stan-
dard lithographic procedures has been proposed as a plat-
form for carbon-based nanoelectronics and molecular elec-
tronics [1-3]. In high-speed devices, hot electrons are gen-
erated due to the presence of time-dependent high electric 
fields. It is critical therefore to understand both the cooling 
of the electrons due to coupling to lattice phonons, and the 
coupling of different layers in epitaxial graphene samples. 
Here we report the first nondegenerate ultrafast spectro-
scopic measurements of the dynamics of Dirac quasiparti-
cles in graphene in the region near the Fermi level. 
2 Experiment The sample is an ultrathin epitaxial 
graphene film produced on the C-terminated face of single-
crystal 4H-SiC by thermal desorption of Si. Details of the 
growth process and sample characterization have been dis-
cussed elsewhere [1]. The structure of the sample is shown 
in Fig. 1; it consists of multiple layers containing one 
doped and multiple undoped graphene sheets. A 100-fs 
near-infrared (800-nm) optical pulse (from a 250-kHz re-
generative amplifier) excites quasiparticles from the va-
lence to the conduction band across the Dirac point; the 
optical response is measured via the differential transmis-
sion (DT) of a mid-infrared probe pulse from a tunable 
femtosecond OPA as a function of pump-probe delay. The 
elevated temperature of the quasiparticles is manifested 
primarily through the modification of the probe beam ab-
sorption by Pauli blocking of interband transitions. 
 
Figure 1 Sample structure and energy dispersion. The sample 
has a buffer layer on the SiC substrate followed by 1 heavily 
doped graphene layer and approximately 20 undoped layers. The 
Fermi level is indicated by the horizontal dashed line. The solid  
vertical line shows the transitions induced by the 800-nm optical 
pump pulse; the three dashed lines correspond to probe transi-
tions at different energies with respect to the Fermi level.  
We report the first application of nondegenerate ultrafast
pump-probe spectroscopy to investigate the dynamics of hot
Dirac Fermions in epitaxial graphene. The DT spectra can be
understood in terms of the effect of hot thermal carrier distri-
 butions on interband transitions with no electron-hole interac-
tion. We also investigate the thermal coupling between carri-
ers of doped and undoped layers. The coupling time is found
to be below 500fs. 
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Figure 2 a) DT spectrum on epitaxial graphene at 10 K, with 
500-µW 800-nm pump with sub-100-fs pulse width at probe de-
lays of 10 ps, 5 ps, 2 ps, 1 ps, 0.5 ps and background (50 ps be-
fore the pump arrives). b) DT time scan at the two probe wave-
lengths marked in part a at the red (1.85 µm) and blue side (1.75 
µm) of the 1.78 µm DT zero crossing. c) Time scan of the two 
probe wavelengths marked in part a at the red (2.40 µm) and blue 
side (2.25 µm) of the 2.35 µm DT zero crossing. In all figures, 
the dashed line marks where the DT signal is zero. d) Simulated 
DT/T curves at different electron temperatures with a lattice 
temperature of 10 K. In the inset, the DT/T curves for low elec-
tron temperatures are expanded in the vicinity of the two DT 
zero crossings. 
 
 3 Results and discussion  
3.1 DT spectra Figure 2a shows DT spectra for a 
single position on the epitaxial graphene sample at various 
probe time delays, for a substrate temperature of 10 K and 
500-μW pump power. The most notable feature of the DT 
spectrum is the two zero crossings, at 1.78 μm and 2.35 μm 
respectively. Figures 2(b) and (c) show DT time scans for 
selected probe wavelengths on both sides of the two zero 
crossings. Immediately following the pump pulse at time 
zero, the DT signal is positive over the entire probe spec-
tral range. The DT signal becomes negative within 
2 ps if the probe wavelength falls between the two zero 
crossings; otherwise it remains positive until the signal de-
cays away. The DT signal relaxes to zero on a time scale of 
1-10 ps depending on probe wavelength. The lack of the 
data in the two blank regions of Fig. 1(a) is due to limita-
tions in tuning our OPA. 
 The differential probe transmission spectrum arises 
mainly from the change in carrier occupation functions in 
the bands. Following the excitation of quasiparticles high 
into the conduction band by the pump pulse, electron-
electron scattering on a time scale short compared to 150 fs 
establishes a hot thermal distribution characterized by an 
electron temperature Te. Since the carrier occupation prob-
ability above the Fermi energy is increased, the DT signal 
is positive due to reduced probe absorption. The probe DT 
is negative below the Fermi level, however, since the heat-
ing of the electron plasma reduces the occupation probabil-
ity for low energies. Thus the upper zero crossing at 1.78 
μm probe wavelength is interpreted as arising from the 
smearing of the Fermi level in the doped layers. Assuming 
no bandgap (or any possible bandgap to be less than the 
probe energy), we find the Fermi level to be 348 meV 
above the Dirac point for the doped layer. We note addi-
tionally that there is no peak in the DT spectrum near the 
Fermi level; this indicates that there is no Fermi edge sin-
gularity [4, 5] due to electron-hole interactions in the inter-
band absorption spectrum of graphene, as may be expected 
from the massless nature of the quasiparticles. At very long 
probe wavelengths, i.e. for transition final states well be-
low the Fermi level of the doped layers, one may expect 
the DT spectra to be determined primarily by the carrier 
occupations in the undoped layers; since the pump pulse 
generates hot carriers in the undoped layers, the sign of the 
DT signal arising from the undoped layers should be posi-
tive for all wavelengths. However, for probe wavelengths 
below the Fermi level of the doped layer, the contribution 
of the doped layer to the DT is negative. Thus one expects 
that for some probe energy the net DT signal should flip 
sign; this is the origin of the lower zero crossing at 
2.35 μm. 
 Figure 2(d) shows the simulated DT/T curves at differ-
ent electron temperatures for a lattice temperature of 10 K, 
using a transfer matrix calculation [6] incorporating the 
theoretical electron-temperature-dependent dynamic con-
ductivity [7]. The simulated DT spectra show upper and 
lower zero crossings at energies (2μd and 1.5μd respec-
tively, μd is the energy of the Fermi level above the Dirac 
point in the doped layer) close to those observed in the ex-
periment. (The experimental DT spectra are not calibrated, 
so there is an undetermined magnitude difference relative 
to the DT/T simulation. Additional simulations performed 
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by excluding various contributions to the total conductivity 
reveal that our DT spectra are well described by interband 
transitions and the single-particle density of states for lin-
ear dispersion, and no electron-hole interaction. 
 
 
Figure 3 DT time scans taken on different positions of the sam-
ple; a) and b) show the upper zero crossing shifts at two different 
positions of the sample. c) and d) Shifts of the other lower zero 
crossing points at two different positions of the sample. All the 
data are taken at 10 K, with 500-µW 800-nm pump. The dashed 
line marks where the DT signal is zero. All the DT tails are sim-
ply fitted by sigmoidal curve as a guide to the eye. 
 
DT spectra and time scans were taken at various posi-
tions on the sample over several square millimeters of area, 
revealing the effects of inhomogeneity [8]. The effect of 
the varying Fermi level on the DT time scans is shown in 
Fig. 3 above. Shifts of the DT zero crossings with position 
showed that the Fermi energy varies by as much as 35 
meV across the sample surface. 
 
 3.2 Fitting of the cooling dynamics Using the 
transfer matrix results, which enable us to deduce the car-
rier temperature from the DT signal, it is possible for us to 
work backwards and obtain the carrier temperature as a 
function of time from the DT time scans. The simplest pos-
sible model for the thermal dynamics is to assume an ex-
ponential decay of the electron temperature following the 
fast initial thermalization in the first 120 fs. At probe 
wavelengths close to the upper zero crossing point, the 
data can be well fitted by an exponential decay func-
tion:Te(t)-Tl = (Te
i-Tl)*exp(-t/τ) with initial electron tem-
perature of Te
i = 1335 K and time constant τ = 1.45 ps, Tl = 
10 K is the lattice temperature. The fitting result is shown 
in Figs. 4a and 4b. 
 Attempts to fit the DT/T time scan for probe wave-
lengths around the lower zero crossing point assuming ex-
ponential temperature dynamics failed. The simplest model 
which fit the data well was to assume a stretched exponen-
tial decay function: Te(t)-Tl = (Te
i-Tl)*exp(-t/τ)
1/h. The fit-
ting result is shown in Fig. 4c with h = 3, Te
i  = 865 K, τ = 
4 ps. We cannot yet conclude whether the origin of the 
stretched exponential behaviour is due to disorder, the 
temperature-dependence of the electron-phonon interaction, 
or the generation of hot phonons. At even lower energies, 
e.g. at 2.4 μm, the DT/T time scans cannot be well-fit even 
by a stretched exponential decay function. Due to sample 
inhomogeneity the electron temperature relaxation time 
constant for the decay varies considerably for different po-
sitions on the sample; as an illustration Fig. 4(d) below 
shows another position which has Te
i = 750 K, τ = 11 ps. In 
all the fittings, the electron temperature relaxes to about 
420 K at 1.7 ps by emitting two or three 197 meV optical 
G phonons [9], or one to two 330 meV D phonons [10, 11]. 
The relaxation afterwards is mainly due to the relatively 
slow acoustic phonon scattering process.  
 
 
Figure 4 DT/T signal fits. a), b) DT/T signal fits around upper 
zero crossing point at probe wavelengths of 1.75 µm and 1.85 
µm; the electron temperature fitting function is Te(t)-10 K = 
(1335 K-10 K)*exp(-t/1.45 ps). c) DT/T signal fit around the 
lower zero crossing point at probe wavelength of 2.25 µm, the 
electron temperature fitting function is Te(t)-10 K = (865 K- 
10 K)*exp-(t/4ps)1/3. d) DT/T fit around the lower zero crossing 
at probe wavelength of 2.25 µm at a different position on the 
sample from c; the electron temperature fitting function is 
Te(t)-10 K = (750 K-10 K)*exp-(t/11ps)
1/3. 
  
3.3 Number of undoped layers and DT spectra 
zero crossings In simulations incorporating varying 
numbers of undoped layers, we studied the behaviour of 
the dependence of two zero crossing positions on number 
of undoped layers. The upper zero crossing arises simply 
from the position of the Fermi level in the doped layer of 
the multilayer graphene sample, so it doesn’t move when 
the number of undoped layers is changed in the simulation 
(Fig. 5). The lower zero crossing occurs where the positive 
DT arising from the thermally excited carriers in the un-
doped layers equals the negative DT arising from the 
smearing of the Fermi distribution in the doped layer in-
duced by the pump pulse. The position of the lower zero 
crossing shifts to higher energy monotonically with the 
number of undoped layers. The shift is large for the first 
few undoped layers, but becomes fairly insensitive to the 
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number of layers above about fifteen layers. Our best esti-
mate for the number of undoped layers is 20. The presence 
of the lower zero crossing is extremely strong evidence 
that thermally grown carbon-face eptiaxial graphene on 
SiC contains several undoped layers as well as the doped 
layer lying nearest the substrate. 
 
 
Figure 5 Zero crossings shift with the number of undoped layers. 
a) Transmission spectrum with no undoped layers and b) trans-
mission spectrum with 1 undoped layer. c) Transmission spec-
trum with 20 undoped layers. d) Transmission spectrum with 100 
undoped layers. All the figures share the same legend. 
 
3.4 Thermal coupling between carriers in the 
doped and undoped layers To study the thermal cou-
pling of carriers between the doped and undoped layers, 
we used 1.9-μm pump pulses from the idler of the OPA to 
selectively excite hot carriers in the undoped layers of an-
other sample with 62 undoped layers. The Fermi level in 
the doped layer is found to be 360 meV above the Dirac 
point by the position of the first zero crossing, so the pump 
photon will not excite the carriers in the doped layer di-
rectly due to Pauli blocking. The observation of DT signals 
with probe wavelength at 1.32 μm (Fig. 6) indicates smear-
ing of the Fermi level in the doped layer, whose energy 
comes from the hot carriers excited in the undoped layers. 
The two-photon cross correlation signal taken on a GaAs 
sample (Fig. 6) under the same conditions is used as a ref-
erence. The rise time of the DT signal indicates the initial 
heat transfer between the undoped and doped layers is less 
than 500 fs. Possible thermal coupling mechanisms can be 
c-axis optical phonons, coupling between in-plane optical 
phonons, and the coupling between electronic states in dif-
ferent layers by disorder. 
 
 4 Conclusion We have observed the ultrafast relaxa-
tion dynamics of hot Dirac fermionic quasiparticles in mul-
tilayer epitaxial graphene. The DT spectra are well de-
scribed by interband transitions with no electron-hole in-
teraction. Following the initial thermalization and emission 
of high-energy phonons, the cooling is determined by elec-
tron-acoustic phonon scattering on the time scale of 
1 ps for highly doped layers, and 4-11 ps in undoped layers. 
The scattering with acoustic phonons is relevant to gra-
phene-based electronic devices operating at not-too-high 
fields. The coupling of the hot carriers from the undoped 
layers to doped layer in epitaxial graphene was observed. 
The coupling time is below 500 fs. 
 
 
Figure 6 DT signal of 1.9 µm pump (0.3 mW) and 1.32 µm 
probe on graphene (62 undoped layers) and GaAs at 20 K around 
time zero. The inset is the DT signal on graphene at lattice tem-
peratures of 10 K and 290 K. 
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